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Abstract 
This paper presents the simulation and performance 
evaluation of a ground source heat pump (GSHP) system 
integrated with water-based solar photovoltaic thermal 
(PVT) collectors for residential buildings. The proposed 
system utilizes geothermal energy and solar energy to 
provide space cooling and heating as well as domestic 
hot water (DHW), and offsets the need of grid electricity 
by generating electricity from the PV cells. A dynamic 
simulation system is developed using TRNSYS and used 
to facilitate the performance evaluation of the proposed 
system. A 20-year life-time performance simulation is 
performed under three operation scenarios with different 
sizes of the PVT collectors. The results showed that the 
performance of the proposed system is highly dependent 
on the size of the PVT collectors. For the case building 
studied, it is more effective to use the heat gathered by 
the PVT collectors to produce DHW if the area of the 
PVT collectors is less than 54 m2. Otherwise, it is better 
to use the thermal energy generated from the PVT 
collectors to recharge the ground during the transient 
periods and to provide space heating during the heating 
period. Furthermore, an economic analysis is carried out 
to determine the optimum size of the PVT collectors for 
the case study building. The results from this study 
demonstrate how building simulation offers the 
capability in analyzing and determining the optimal 
operation strategies for complex energy systems at the 
design stage.  
Introduction 
Space heating and domestic hot water (DHW) account 
for a large amount of energy consumption in residential 
buildings, especially in cold climates (Eicher et al., 
2014; Fischer et al., 2016). With the global resource 
depletion and climate change, exploring substitutes of 
traditional heating and DHW systems to reduce energy 
consumption and carbon dioxide emissions becomes 
increasingly important. Some alternative energy sources 
such as geothermal energy and solar energy have a great 
potential for the development of low energy buildings.  
A hybrid ground source heat pump (GSHP) systm 
integrated with water-based photovoltaic thermal (PVT) 
collectors could provide cooling, heating as well as 
DHW, and offset the need of grid electricity using the 
electricity generated from the PV cells.  
Significant research has been carried out on the coupling 
of GSHP systems with solar thermal collectors. For 
example, Trillat-Berdal et al. (2007) described a GSHP 
system coupled with solar thermal collectors for building 
heating, cooling and DHW production for a 180 m2 
residential building. The energy performance of the 
system was analyzed using TRNSYS simulation. 
Kjellsson et al. (2010) analyzed different systems by 
combining solar thermal collectors with a GSHP system. 
The results showed that the optimal design was achieved 
when solar heating was used to produce domestic hot 
water during summertime and recharge the boreholes 
during wintertime. Mehrpooya et al. (2015) investigated 
the optimum performance of a combined solar thermal 
collector and GSHP system to meet the heating load of 
greenhouses. The results indicated that the selected 
system has a mean seasonal coefficient of performance 
of 4.14, with the borehole length of 50 m, the borehole 
number of 3 and the total solar collector area of 9.42 m2. 
However, the research for the hybrid GSHP-PVT 
systems has not been extensively conducted. Bakker et 
al. (2005) simulated the performance of a GSHP-PVT 
system in a family dwelling with a floor area of 132 m2 
in Netherlands. The results showed that the PVT 
collector with an area of 54 m2 can cover 100% of the 
total heating demand of the dwelling and nearly all 
electricity demand while keeping the long-term average 
ground temperature constant. Entchev et al. (2014) 
compared the performance of a GSHP-PVT system with 
a conventional boiler and chiller system and a stand-
alone GSHP system under Ottawa, Canada, weather 
conditions. The simulation results showed that the stand-
alone GSHP system and the hybrid GSHP-PVT system 
can result in an overall energy saving of 46% and 58% 
respectively, as compared to the conventional system. 
Canelli et al. (2015) analyzed the performance of a 
hybrid GSHP system with fuel cells and a GSHP-PVT 
system in Napoli, South Italy. Compared to a 
conventional system with boilers and chillers, the 
primary energy savings of the GSHP system with fuel 
cells and the GSHP-PVT system were 12.8% and 53.1%, 
respectively. Putrayudha et al. (2015) presented a study 
where the energy consumption of a GSHP-PVT system 
was optimized by using a fuzzy logic control. The results 
showed that the system with the fuzzy logic control 
consumed 18.3% less annual energy in comparison with 
the same system with on-off control. Brischoux and 
Bernier (2016) examined the performance of a coupled 
GSHP-PVT system for space heating and DHW heating. 
The results showed that the coupled GSHP-PVT system 
can provide 7.7% more electricity annually with a higher 
seasonal performance factor in comparison with an 
uncoupled system. 
The existing studies of GSHP-PVT systems were mainly 
focusing on the performance evaluation and performance 
comparison among different heating and cooling systems 
under a given PVT collector area. The results from these 
studies were, however, highly dependent on the size of 
the PVT collectors used. To date, to the best of our 
knowledge, there is no relative research that has studied 
the influence of the PVT size on the performance of the 
GSHP-PVT system in details and discussed the effect of 
the PVT size on the operation of hybrid GSHP-PVT 
systems. 
In this study, a GSHP system integrated with water-
based PVT collectors is proposed to provide cooling, 
heating and DHW for residential buildings. Three 
different operation scenarios of the system are designed 
and the simulation systems for each scenario are 
developed. The effect of the PVT size on the 
performance of the three operation scenarios is 
investigated in a case study building under the weather 
condition of Melbourne, Australia. An economic 
analysis is also carried out to determine the optimum 
PVT size for the case study building. 
System development and operation 
scenarios 
The proposed GSHP-PVT system is schematically 
illustrated in Figure 1. The system is mainly designed to 
provide heating and cooling, as well as DHW for heating 
dominated buildings. The system consists of PVT 
collectors, water tanks with immersed heat exchangers, a 
water-to-water heat pump unit, water circulation pumps, 
a ground heat exchanger loop and an indoor air-handling 
unit (AHU). This system can operate under different 
modes, as described in Table 1, to provide functional 
requirements of the house.  
 
Figure 1: Schematic diagram of the proposed GSHP-
PVT system. 
Table 1: Operation modes of the GSHP-PVT system 
Mode Description 
PVT for space 
heating 
Using the heat generated from 
the PVT collectors for space 
heating. 
GSHP for space 
heating/cooling 
Using GSHP for space heating 
and cooling. 
PVT for ground 
recharging 
Using the thermal energy 
collected from the PVT to 
recharge the ground. 
PVT for DHW 
heating 
Using the thermal energy from 
the PVT collectors for DHW. 
 
Three operation scenarios for this proposed GSHP-PVT 
system are considered in order to evaluate and determine 
the optimal approach to using the thermal energy 
generated from the PVT collectors at the design stage. 
The schematics of each scenario are shown in Figure 2 
and the detailed operation of the system in each scenario 
are summarized in Table 2. 
In scenario 1 (Figure 2a), the GSHP system is designed 
to satisfy the cooling and heating demands of the house 
while the PVT collectors are used to produce DHW and 
electricity for the house. Ground recharge is not 
considered in this scenario. 
In scenario 2 (Figure 2b), the thermal energy collected 
from the PVT collectors is used to generate DHW in the 
cooling and heating periods. During the transition 
periods, the thermal energy generated from the PVT 
collectors is first used to heat the water in tank 2 for 
ground recharging in order to achieve annual thermal 
balance of the ground, and is then used to heat the water 
in tank 1 to produce DHW if the ground recharge has 
been completed. The ground recharge is implemented if 
the water temperature in tank 2 is above a temperature 
setting predetermined. The GSHP system is used to 
provide the cooling and heating demands of the house, 
similar to that in scenario 1. 
In scenario 3 (Figure 2c), the thermal energy generated 
from the PVT collectors is used in the same way as that 
in scenario 2 during the cooling and transition periods. 
In the heating period, the heat generated from the PVT 
collectors is used for space heating when the water 
temperature in tank 2 reaches the temperature set-point 
predetermined. The GSHP system is used to provide 
space heating when the water temperature in tank 2 is 
lower than the temperature set-point. 
In the above three scenarios, the auxiliary heater is used 
when the thermal energy generated by PVT collectors is 
not able to keep the water temperature in tank 1 above 
60oC. 60oC is the minimum temperature requirement for 
hot water storage specified in the Australian and New 
Zealand National Plumbing and Drainage guidelines 
(Standard Australia, 2003).  
 
(a) Scenario 1 
 
(b) Scenario 2 
 
(c) Scenario 3 
Figure 2: Schematic of three operation scenarios. 
 
Table 2: Summary of the operation scenarios 
Scenario Heating Cooling 
Ground 
recharge 
DHW 
production 
1 GSHP GSHP No 
PVT + auxiliary 
heater 
2 GSHP GSHP Yes 
PVT + auxiliary 
heater 
3 
PVT + 
GSHP 
GSHP Yes 
PVT + auxiliary 
heater 
 
System modelling 
In this study, the three operation scenarios of the hybrid 
GSHP-PVT system are simulated using TRNSYS 
(2016). The component models used are the standard 
models provided in the TRNSYS library and are 
summarised in Table 3. The simulation system 
developed for scenario 2 is shown in Figure 3, as an 
example.  
Table 3: Simulation models used in this study 
Component 
TRNSYS 
type Description 
Water-to-water 
heat pump 
Type 927 
Performance data-based 
single-stage water-to-
water heat pump 
Ground heat 
exchanger  
Type 557a Vertical U-tube GHE 
PVT collector Type 563 
Unglazed photovoltaic 
thermal collector 
Hot water tank Type 534 
Constant volume storage 
tank with an immersed 
heat exchanger 
Auxiliary water 
heater 
Type 1226 Auxiliary heater 
Circulation 
pump 
Type 110 Variable speed pump 
 
 
Figure 3: Illustration of the simulation system developed 
in TRNSYS for scenario 2. 
The water-to-water heat pump model was trained using 
the manufacturing catalogue data. The key parameters of 
the PVT, GHEs, water tank and water pumps were 
determined using the available product specifications, 
which will be introduced in the following section.  
Case study 
Building model and load characteristics 
A two-story Australian house (Craig and Savanth, 2016) 
with a floor area of 248 m2 and the conditioned area of 
200 m2 is used for the performance analysis. The house 
model was developed in DesignBuilder, and is shown in 
Figure 4. 
 
Figure 4: The house model developed in DesignBuilder. 
The heating and cooling thermostat settings used in the 
load calculation were specified according to Nationwide 
House Energy Rating Scheme (NatHERS, 2012). For the 
living spaces, the heating thermostat setting was set to 
20oC. For sleeping spaces, a heating thermostat setting 
of 18oC from 7:00 to 9:00 and 16:00 to 24:00, and 15oC 
from 9:00 to 16:00 and 24:00 to 7:00 was used. The 
cooling thermostat was set as 24.0oC.  
The annual heating and cooling demands of the house 
were simulated using DesignBuilder based on the 
weather data from International Weather for Energy 
Calculations (IWEC) of Melbourne and are presented in 
Figure 5. Table 4 summarizes the design load and the 
annual load requirement of the house, which were 
determined based on the maximum values presented in 
Figure 5.  
 
Figure 5: Heating and cooling load profile of the house. 
 
Table 4: House load requirements 
Mode 
Design 
Load 
Annual accumulated 
load requirement 
Total 
number 
of hours 
 
(kW) (kWh) 
Cooling 13.2 2,030 1,431 
Heating 11.6 6,567 3,281 
 
According to the load simulation results, the annual load 
profile was categorized into five time periods as 
illustrated in Figure: 6. This categorization was mainly 
designed for ground recharge purposes by assuming that 
there is no heating and cooling demand of the house 
during the transition periods. The heating period started 
from 1st May to 31st October. The cooling period was 
from 1st December to 31st March. The remaining periods 
were considered as the transition periods. 
  
Figure 6: Heating, cooling and transition periods 
defined. 
Component sizing  
The proposed GSHP-PVT system can be divided into 
two sub-systems: GSHP sub-system and PVT sub-
system. The GSHP sub-system includes the heat pump 
unit and GHE system which were designed to satisfy the 
heating and cooling demands of the house. The 
parameters of the GSHP system were determined based 
on the design load listed in Table 4 and the product 
specification available from the manufacturer 
(WaterFurnace, 2016). 
The specifications of the GHE system were derived 
based on the studies of Lhendup et al. (2014a; 2014b), 
and are summarized in Table 5. It is worthwhile to note 
that the values presented in Table 5 are not necessarily 
the optimal values for the GSHP system. 
Table 5: Specifications of the GSHP system 
Parameter Value 
GHE system (Lhendup et al., 2014a; 2014b)  
Borehole depth (m) 40 
Number of boreholes  6 
Borehole distance (m)  8 
Ground thermal conductivity (W/(m.K)) 2.23 
Ground heat capacity (KJ/(m3K)) 2300 
Borehole diameter (m) 0.115 
Outer diameter of U-tube (m) 0.025 
Initial ground temperature (oC) 15.9 
 
Heat pump unit (WaterFurnace, 2016)  
Rated cooling/heating capacity (kW) 11.5/13.6 
Water flow rate (m3/h) 2.3 
Rated power consumption (kW) 2.80/3.17 
 
The PVT sub-system consists of the PVT collectors, tank 
1 with an auxiliary heater and tank 2. The parameters of 
the PVT collectors used in the simulation were 
determined by referring to the study from Fudholi et al. 
(2014) and are summarized in Table 6. The top loss 
convection coefficient for the unglazed PVT collector 
was calculated by referring to the study of Anderson et 
al. (2009), in which both nature and forced convection 
were considered. The forced wind heat transfer 
coefficient hw was calculated using Watmuff et al. (1977) 
correlation in terms of wind velocity v:  
hw=2.8+3.0v.                               (1) 
The natural convection loss hn was calculated as a 
function of the temperature difference between the mean 
collector temperature Tpm and the ambient temperature Ta  
(Eicker, 2003):  
hn=1.78(Tpm-Ta)1/3.                           (2) 
Ten different sizes of the PVT collectors with 24, 30, 36, 
42, 48, 54, 60, 66, 72 and 78 m2 were considered in this 
study to examine the impact of the PVT size on the 
performance of the proposed system. Trial simulations 
of scenarios 2 were performed and it was found that 24 
m2 was the minimum area of the PVT collectors that can 
achieve annual ground thermal balance through 
recharging the ground in the transition periods, while 78 
m2 was determined as the maximum area of the PVT 
collectors covering the north rooftop area of the house. 
The parameters of all circulation pumps used in the 
system are summarized in Table 7. 
Table 6: Summary of main design parameters of the PVT 
system 
Parameter Value 
PVT collector (Fudholi et al., 2014) 
 
Absorptivity  0.9 
Emissivity  0.8 
Electrical efficiency at standard conditions  12% 
Absorber plate thickness (m) 0.002 
Absorber thermal conductivity (W/m·K) 51 
Back material thickness (m) 0.05 
Back material thermal conductivity (W/m·K) 0.045 
Insulation conductivity (W/m·K) 0.045 
Number of water tubes 100-340 
Outer diameter of water tube (m) 0.02 
 
Other relevant parameters  
Volume of tank 1 (Vieira et al., 2014) (L) 250 
Volume of tank 2 (L) 250 
Power of auxiliary heater (kW) 5.0 
 
Table 7: Design parameters of circulation pumps 
Name Function Parameters 
Pump 1 
Circulation of 
water between 
PVT and water 
tanks 
Flow rate: 0.2-0.68 kg/s; 
Power: 45-70 W. 
Efficiency: 40%-55% 
Pump 2 
Source side 
circulation and 
ground recharge 
Rated flow rate: 0.65 kg/s; 
Rated power: 94 W. 
Efficiency: 58% 
Pump 3 
Load side 
circulation 
Rated flow rate: 0.65 kg/s; 
Rated power: 70 W. 
Efficiency: 55% 
 
In the simulation, pump 1 is switched on when the 
instantaneous solar radiation exceeds 300 W/m2 and the 
outlet water temperature of PVT is greater than the water 
temperature in tank 1 or tank 2. 
The ground recharge in scenarios 2 and 3 is implemented 
when the water temperature in tank 2 is over 30oC during 
the transition periods. When thermal energy transferred 
to the ground can maintain the annual ground thermal 
balance, the heat energy generated from the PVT will 
then be used for DHW.  
The PVT for space heating in scenario 3 is switched on 
when there is a heating demand of the house and the 
water temperature in tank 2 is over 40oC. 
Results and discussion 
Annual energy consumption  
The influence of the PVT size on the annual energy 
consumption of the system for the three scenarios in the 
first year operation is first investigated, and the results 
are presented in Figure 7.  
 
(a) the heat pump unit. 
 
(b) the water pumps 
 
(c) the auxiliary heater 
Figure 7: Annual energy consumption of different 
components with different sizes of the PVT collectors. 
It can be seen that the annual energy requirement of the 
heat pump unit in scenario 1 was nearly the same as that 
in scenario 2 as the PVT was not used for space heating 
and cooling purposes. The annual energy use of the heat 
1900
2000
2100
2200
2300
2400
2500
20 40 60 80
E
n
e
rg
y
  
c
o
n
s
u
m
p
tu
io
n
 o
f 
h
e
a
t 
p
u
m
p
 (
k
W
h
)
Size of PVT collectors (m2)
Scenario 1
Scenario 2
Scenario 3
500
520
540
560
580
600
620
20 40 60 80
E
n
e
rg
y
  
c
o
n
s
u
m
p
tu
io
n
 o
f 
w
a
te
r 
p
u
m
p
s
 (
k
W
h
)
Size of PVT collectors (m2)
Scenario 1
Scenario 2
Scenario 3
3900
4200
4500
4800
5100
20 40 60 80
E
n
e
rg
y
 c
o
n
s
u
m
p
tu
io
n
 o
f 
a
u
xi
li
a
ry
 
h
e
a
te
r 
(k
W
h
)
Size of PVT collectors (m2)
Scenario 1
Scenario 2
Scenario 3
pump in scenario 3 is lower than that in the other two 
scenarios and it reduced with the increase of the PVT 
size because a fraction of the heating demand of the 
house was provided by the PVT collectors (Figure 7a).  
The annual energy consumption of the water pumps 
slightly increased with the increase of the PVT area but 
the change was small (Figure 7b). Among the three 
scenarios, the water pumps in scenario 2 consumed the 
highest amount of energy while the pumps in scenario 1 
consumed the lowest amount of energy (Figure 7b). The 
annual energy consumption of the auxiliary heater 
decreased with the increase of the PVT area in all three 
scenarios since a larger PVT area can provide more 
thermal energy for DHW (Figure 7c). As the thermal 
energy collected from the PVT is first used to recharge 
the ground and then provide heating for the house in 
scenario 3, a higher energy demand for running the 
auxiliary heater was therefore needed as compared to 
that of the other two scenarios. It is worthwhile to note 
that in the three scenarios, the auxiliary heater was 
generally used during the night-time once the DHW in 
tank 1 has been partially or fully consumed. 
Figure 8 presents the annual total energy consumption of 
the system under the three scenarios with different areas 
of the PVT collectors for the first year of operation. The 
annual energy consumption of the three scenarios 
decreased with the increase of the PVT area. In scenario 
1, the annual energy consumption almost linearly 
decreased from 7,050 kWh to 6,837 kWh when the area 
of the PVT increased from 24 m2 to 78 m2. The system 
consumed more energy under scenario 3 than under 
scenario 2 when the area of the PVT collectors was less 
than 48 m2. This means that, in the heating period, for 
the system with a smaller PVT size, it is worthwhile to 
use the thermal energy collected from the PVT to 
produce DHW, while for the system with a larger PVT 
size, it is better to use the thermal energy collected from 
the PVT to provide space heating. The system operated 
under scenario 1 consumed the least energy for all 
different PVT sizes considered in the first year 
operation. 
 
Figure 8: Annual energy consumption of the system 
under three scenarios with different sizes of PVT 
collectors. 
Variation of the ground temperature 
Figure 9 shows the variation of the ground temperature 
during the first year of operation under the three 
operation scenarios. It can be seen that the ground 
temperature was almost equal to its initial value at the 
end of the first year in scenarios 2 and 3 due to the 
provision of ground recharging. However, the ground 
temperature reduced by 0.5oC after the first year of 
operation under scenario 1. 
 
Figure 9: Variation of the ground temperature in the 
first year operation.  
20-year life time performance evaluation 
Figure 10 shows the 20-year variations of the ground 
temperature when the system operated under the three 
different scenarios. The ground temperature decreased 
from 15.9oC to 7.5oC at the end of the 20th year under 
scenario 1 with an average annual temperature decrease 
of 0.4oC. A good balance of the ground temperature can 
be achieved when the system operated under scenarios 2 
and 3. 
  
 
Figure 10: Variation of the ground temperature in 20 
years operation. 
The decrease of the ground temperature in scenario 1 
deteriorated the performance of the heat pump unit, 
leading to the gradual increase of the annual energy 
consumption of the system. The annual energy 
consumption of the system under scenarios 2 and 3 
remained constant due to the ground thermal balance. 
Figure 11 illustrates the variation of the system energy 
consumption during 20 years operation with the PVT 
area of 48 m2, as an example. 
The 20-year life time total energy consumption of the 
system with different sizes of the PVT collectors under 
6800
6900
7000
7100
7200
7300
7400
7500
7600
20 40 60 80
E
n
er
g
y
  
co
n
su
m
p
tu
io
n
 (k
W
h
)
Size of PVT collectors (m2)
Scenario 1
Scenario 2
Scenario 3
15.0
15.5
16.0
16.5
17.0
Initial Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
A
v
e
ra
g
e
 g
ro
u
n
d
 t
e
m
p
e
ra
tu
re
 (
℃
)
Month
Scenario 1
Scenario 2
Scenario 3
the three operation scenarios is presented in Figure 12. 
The life time total energy consumption of the system 
decreased with the increase of the PVT area for all three 
scenarios and a large variation can be observed in 
scenario 3. It was found that it is better to use scenario 1 
when the size of the PVT collectors is less than 54 m2, 
while it would be more beneficial in terms of energy use 
to use scenario 3 when the size of the PVT collectors is 
greater than 54 m2 for this case study building. 
 
Figure 11: Variation of the annual system energy 
consumption under three scenarios with the PVT area of 
48 m2 in 20 years operation. 
 
Figure 12: 20-year life time energy consumption of the 
system with different PVT sizes under three scenarios. 
As a limitation of this analysis, it should be mentioned 
that the climate conditions used for 20-year simulation 
were assumed to remain the same each year. It should be 
noted that as the variation of the ground temperature is 
subjected to the variations of weather condition, soil 
conditions, and the heat extraction and rejection, the 
overall simulation results could be different if projected 
climate conditions are used. The uncertainty associated 
with the projected ground temperature will also be 
influenced by the uncertainty of the projected climate 
conditions. 
Selection of the optimum PVT size 
The annual electricity generation of the system with 
different PVT sizes is presented in Figure 13.  
 
Figure 13: Annual electricity generation of the system 
with different PVT sizes. 
It can be seen that the annual electricity generation 
almost linearly increased with the increase of the PVT 
size. When combining Figure 12 and Figure 13, it can be 
concluded that increasing the PVT size will certainly 
reduce the electricity consumption of the PVT-GSHP 
system and it will obviously provide more electricity 
generation. However, increasing the PVT size would 
also lead to an increased initial investment for 
purchasing the system. An economic analysis is 
therefore needed to determine the optimum PVT size for 
the proposed GSHP-PVT system. In this study, the net 
present value (NPV) of life-time total cost of the system 
was adopted as the objective, which consists of the 
initial cost and the 20-year operational cost. The NPV 
value is calculated through Eq. (3) (Alavy et al., 2013): 
0 (1 )
N
t
t
t
CF
NPV
IR


                               (3) 
where CFt  is the cash flow at year t, IR is the interest 
rate, and N is the years of operation. 
Table 8 summarizes the input parameters used for 
calculating the NPV of the system. The costs of GHE 
and heat pump unit were calculated based on the study 
of Huang et al. (2014). The price of the PVT collector 
referred to the study of Matuska and Sourek (2013). The 
interest rate was chosen according to the value provided 
by Trading Economics (2016). The average electricity 
price for residential buildings in Melbourne is 0.26 
$/kWh and any excess electricity generated by the 
system can be sold back to the grid with the price of 0.05 
$/kWh according to the feed-in tariff scheme in Victoria 
2016 (Essential Services Commission, 2016). 
The annual energy consumptions and electricity 
generations of the system with different PVT areas 
during its life-time were obtained through the simulation. 
Based on the analysis in the previous section, the annual 
energy consumption of the system was determined based 
on the operation scenario 1 when the PVT area is less 
than 54 m2. Otherwise, it was determined based on the 
operation scenario 3 for economic analysis. The NPV 
value of the total cost of the system with deferent sizes 
of the PVT collectors were calculated consequently 
based on the simulation outcomes and the values listed 
in Table 8. Figure 14 presents the economic analysis 
results in terms of the 20-year NPV of the system. It can 
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be seen that the system with the PVT area of 66 m2 has 
the highest NPV of -$51,795. 
Table 8: Input parameters for calculation of NPV 
Parameter Cost 
GHE                                         $ 20,400 
Heat pump unit  $/each 6000 
Water tank                                              $/each 840 
Water circulation pumps $ 140 
PVT collector $/m2 360 
Electricity price $/kWh 
Buy: 0.26 
Sell: 0.05 
Interest rate % 1.5 
 
 
Figure 14: 20-year net present value of the system with 
different PVT sizes. 
The analysis of the simulation results showed that the 
PVT size has a siginificant influence on both the thermal 
and electricity outputs of the GSHP-PVT system and 
consequently affects the performance of the whole 
system. In general, the system with a larger PVT area 
consumes less energy and produces more electricity. 
However, an additional upfront cost will offset the 
benefit obtained. Therefore, the PVT size should be 
appropriately sized and the system should be properly 
contolled to maximize the economic value of hybrid 
GSHP-PVT systems.  
Conclusion 
This study presented the simulation and performance 
evaluation of a ground source heat pump (GSHP) system 
integrated with water-based solar photovoltaic thermal 
(PVT) collectors under three different operation 
scenarios. The simulation exercises based on a case 
study building showed that the PVT size has a 
significant influence on the overall performance and 
operation strategies of the hybrid GSHP-PVT system. 
For the case building studied, it is more effective to use 
the heat generated by the PVT collectors to produce 
domestic hot water (DHW) if the area of the PVT 
collectors is less than 54 m2. Otherwise, it is better to use 
the heat generated by the PVT collectors to recharge the 
ground during the transition periods and to provide space 
heating in the heating period. The result from the 20-
year life-time economic analysis of the system showed 
that the optimum PVT size for the case building is 66 m2, 
since the system with the PVT size of 66 m2 has the 
highest net present value (NPV) of -$51,795. This study 
demonstrates how building simulation tools offer the 
capability of analyzing and selecting control strategies 
for complex low energy systems at design stage. 
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